We have designed and constructed a custom far-infrared Fourier transform spectrometer using an antenna-coupled bolometer as a detector. The active element of the detector is a superconducting niobium microbridge, and the far-infrared signal is coupled to the microbridge via a planar antenna mounted on a hyperhemispherical silicon lens. The spectrometer uses a broadband blackbody source with frequency-independent optical components, and thus the system bandwidth is set by the detector antenna. We have fabricated devices with two different antenna types, the double dipole and the log spiral, and have characterized the spectral response of each. This spectrometer can utilize the fast response of the niobium bolometer to perform time-resolved far-infrared spectroscopy on nanosecond to millisecond timescales. These timescales are too fast for standard commercial bolometers and too long for a typical optical delay line.
Introduction
Far-infrared (FIR) or terahertz (THz) spectroscopy is an important tool for molecular characterization, as many light molecules have vibrational, rotational and torsional modes in this spectral range. Additionally, FIR spectroscopy is a sensitive probe of solid state materials, as it can be used to measure lattice modes and the motion of mobile charges. It is especially useful as a non-contact probe for studies of nanoscale systems, where attaching electrical leads is problematic. Biological systems are also amenable to FIR studies, such as measuring the low frequency motions of proteins [1] . The present paper provides an initial demonstration of the feasibility of a niobium (Nb) microbolometer for such spectroscopy applications.
The two standard techniques for these types of studies are THz time-domain spectroscopy (TDS) and FIR Fourier transform spectroscopy (FTS). TDS was developed in the late1980s following the discovery that a coplanar stripline on a semiconducting substrate, when exposed to an ultra-fast laser pulse, will radiate into free space with an output bandwidth limited by the envelope of the laser pulse [2] . A similar coplanar stripline device can be used as a detector, which is synchronized with the same optical pulse used to drive the emitter [3] . This technique and its variants are now utilized by many research groups and can achieve bandwidths of several THz with high signal-to-noise ratios and peak power ∼mW [4] . By using the same optical pulse to excite a sample and varying the time delay between the excitation pulse and the pulse on the detector, one can perform dynamic measurements of the emitted electric field with sub-picosecond time resolution [1] . This is often referred to as time-resolved THz spectroscopy (TRTS) to distinguish it from standard THz TDS. The upper time limit of this technique is set by the length of the optical delay line, which typically corresponds to a maximum timescale of the order of a nanosecond.
FTS uses a blackbody source such as a mercury arc lamp or heated filament. These sources are more broadband than the sources of TDS but have much lower peak power. The time resolution in FTS is set by the response time of the detector. The most common detector type is the silicon (Si) bolometer, which has a thermal time constant τ ∼ ms and an optical noise equivalent power (NEP) of 2 × 10 −12 W (Hz) [5] . These have a more limited input bandwidth than the slower Si bolometer. All of these detectors measure power, unlike TDS, which measures electric field. They are all large-area, multi-mode detectors which typically use a Winston cone to couple the incident signal to the device. Because of their slow time constant, these detectors are usually used in FTS to study samples whose properties are constant in time.
We have developed a superconducting bolometric detector that is significantly faster than conventional bolometers, and we have integrated this detector into a custom spectrometer. This system is designed to bridge the gap in time resolution between TRTS and present versions of FTS that employ a standard commercial detector. The active element of our detector is a Nb microbridge and the incident FIR signal is coupled to the microbridge with a planar aluminum (Al) antenna mounted on a hyperhemispherical Si lens. The response time is set by electron-phonon coupling in the Nb film, measured to be 0.7 ns at 6 K. An optimum responsivity of 4.4 × 10 4 V W −1 is obtained at a bath temperature ≈0.9T c , where T c is approximately 6 K. The measured electrical NEP referred to the detector is 2.0 × 10 −14 W (Hz) −1/2 , near the thermal fluctuation NEP inferred from the thermal conductance. The output noise is white from approximately 100 Hz to 100 MHz. The saturation power corresponding to the optimum responsivity is 7 nW. Lowering the bath temperature increases the saturation power but decreases the responsivity. A detailed discussion of the device characteristics can be found in [6] .
With low inductance and negligible stray capacitance, a short (∼μm) Nb microbridge is an efficient absorber up to ∼10 THz. In this case, the frequency range of the detector is set by the antenna bandwidth. When employed in a spectrometer with optics that are frequency-independent over the relevant spectral range, the entire system bandwidth is set by the antenna. We have fabricated and measured devices with multiple antenna geometries. These different geometries will allow a user to select an input bandwidth that is optimized for a particular application. Devices with four different antenna geometries are pictured in figure 1.
Previous work by Gershenzon et al studied the response of large-area Nb devices to infrared radiation [7] . These devices consisted of two geometries, a meander pattern and a series of parallel strips. Because of the large area of each design (area λ 2 ), coupling to the device was achieved without a substrate lens or antenna. More recently, a commercial bolometer consisting of a 3 × 3 mm 2 Nb film has been developed by QMC Instruments at Cardiff University [5] . This detector has a similar response time to our devices, but with significantly poorer sensitivity, with a quoted optical NEP of 1 × 10 −10 W (Hz) −1/2 . By minimizing the detector volume, our device achieves much better sensitivity than a large-area detector. Additionally, a planar antenna couples to photons of a single mode, collecting much less background power than a large-area, multi-mode detector. The antennacoupled superconducting microbolometer has been developed extensively over the past decade as a low-noise mixer for radioastronomy applications [8] but has not previously been used as a direct detector for lab spectroscopy.
Insight Product Co. and the Gol'tsman group at Moscow State Pedagogical University have recently developed a similar Nb direct detector with a log periodic antenna for the spectral range 0.3-3 THz. The quoted response time is 1 ns and the quoted optical NEP is 5-7 × 10 −14 W (Hz) −1/2 [9] . The details of the measurement, such as the modulation frequencies at which the stated NEP is valid, are not specified. We expect this device to have similar performance to the devices described in [6] . Insight also offers a niobium nitride detector for the same spectral range that is an order of magnitude faster but with an order of magnitude poorer sensitivity [9] .
We report here the antenna and system characterization. Ultimately, the goal is to use this system to study FIR dynamics. To perform such time-resolved measurements, a sample can be excited with an optical pulse and the THz transmission through the sample can be monitored in real time by measuring the device response using an averaging oscilloscope.
A mechanical chopper is not needed. This technique assumes that the laser pulses and the sample response are highly reproducible. The frequencyaveraged THz transmission as a function of time can be monitored without use of the interferometer. Alternatively, the interferometer can be used to measure the time-dependent transmission at each point in the interferogram. This will give the time dependence of each spectral component.
Device fabrication
Devices were fabricated on 200 μm thick, double side polished, high resistivity (>20 k cm) silicon wafers. Device (a) was patterned with e-beam lithography using a single layer of ∼1 μm thick PMMA A8 950 K and has nominal bridge dimensions of 1 μm × 2.5 μm × 12 nm. This is the same device reported in [6] . Devices (b), (c) and (d) were patterned with optical lithography using a single layer of 2.7 μm thick Shipley 1827 photoresist. Following exposure and development, the wafer was placed in a Kurt J Lesker ultrahigh vacuum sputter deposition system with a base pressure of 8 × 10 −9 Torr. The wafer was cleaned with a neutralized S399 • from the substrate normal. The angled deposition covers the antenna and lead structure but does not cover the narrow microbridge, and produces the shadowing effect that is seen in figure 1. (On the right side of the Al pattern, a dark gray band of Nb is visible, approximately the same width as the microbridge.) The optically patterned devices have nominal bridge dimensions of 2 μm × 5 μm × 12 nm. This is four times the volume of device (a). The saturation power (P sat ) should scale linearly with the volume and the thermal fluctuation NEP should scale with the square root of the volume. P sat and the NEP have been measured fully for device (a) [6] . These quantities will be tested for the larger, optically patterned devices in future measurements. In all devices, the microbridge is designed to have an impedance of 50-100 for detected photons. A quarter-wave choke structure (visible to the right of each device in figure 1 ) allows dc biasing and dc-rf readout, but is designed to minimize loss of the incident FIR signal.
Spectrometer design
Devices are mounted on the back of a double-side patterned alignment piece made from the same high-resistivity silicon used for the device substrate. The device is at the siliconair interface. On the reverse of the alignment piece, a 6 mm diameter hyperhemispherical silicon lens is attached 1 . We estimate that the alignment accuracy is within ±10 μm. The device is mounted in an optical-access, continuous-flow 4 He cryostat in which the temperature can be adjusted above 4.2 K with a simple resistive heater. The cryostat window consists of a 90 μm thick mylar sheet. A cooled Zitex G110 membrane, which absorbs strongly above 4 THz, is used as an infrared filter on the heat shield window [10] .
A schematic of the spectrometer is presented in figure 2 . The source is a silicon carbide globar, which reaches a maximum nominal temperature of 1800
• F at a bias voltage of 24 V. 2 We use a 6 mm diameter iris to define the source. The size of this aperture sets a lower frequency limit of ∼100 GHz [11] . The blackbody signal from the source is collimated with a 63.5 mm diameter 90
• off-axis parabolic mirror. The beamsplitter consists of a 6 mm thick, 100 mm diameter high-resistivity silicon wafer 3 . This has better efficiency and broader spectral coverage than a typical mylar beamsplitter. The etalon spacing is about 7 GHz and the etalon is averaged for frequency resolutions larger than approximately twice this spacing [12] .
The scanning mirror is mounted on a linear translation stage controlled by an Ealing EncoderDriver linear actuator. It has a range of motion of 10 mm with a linear resolution of 0.02 μm and a repeatability of 0.1 μm. This range 1 Lenses machined by Kadco Ceramics (Easton, PA) using high-resistivity float-zone silicon from Topsil Semiconductor Materials (Frederikssund, Denmark). corresponds to a frequency resolution of 15 GHz. The combined signal from the two arms is focused onto the detector with a second parabolic mirror. We note that none of the optical components should have any significant frequency dependence below 3 THz. Thus, our assumption that the system bandwidth is set by the antenna bandwidth should be valid. A mechanical chopper with a maximum chopping rate of 400 Hz is positioned in front of the cryostat window. The entire system sits inside a nitrogen drybox to minimize absorption from atmospheric water. Flushing with dry nitrogen overnight yields a relative humidity of 2-4%.
The device response at the chopping frequency is amplified by a SR560 low noise voltage preamplifier. A 1:60 transformer at the preamp input steps up the device impedance to achieve optimum noise performance. The device is biased with a 20 dc voltage bias. A large inductor is used on the dc biasing line to minimize noise from the biasing circuit. The output of the preamp is coupled to a lock-in amplifier, which is locked to the chopping frequency.
Antenna characterization
The double dipole antenna is designed such that the two half-wave dipole elements radiate in-phase in the direction perpendicular to the substrate but out-of-phase in the direction parallel to the substrate [13] . The antenna radiates power preferentially into the high dielectric silicon in proportion to the square root of the dielectric constant [14] , so approximately 80% of the power should be coupled via the hyperhemispherical silicon lens.
The log spiral is part of a class of antennas known as frequency-independent, whose shape is completely specified by angles [15] . The shape of the log spiral is defined in polar coordinates by the equation ρ = ke a(φ+φ0) , where k and a are positive constants [16] . In our design, a = 0.15. Each arm in the log spiral antenna is formed by the space between S400 two curves shifted by some angle φ 0 . Our design is selfcomplimentary, in which the shift defining each arm is π/2 and the shift between arms is π. For a finite size antenna, the lower frequency bound corresponds approximately to the wavelength equal to the total arm length, while the upper bound is set by the finite size of the load [16] . The spectrometer has been used to measure the response of the four antenna geometries pictured in figure 1 . Typical scans used a step size of 10 μm, corresponding to a frequency range of 7.5 THz, with a time per step of 0.8 s and a lock-in time constant of 300 ms. Scans for all devices were performed at 2-4% relative humidity. A typical scan for device (c), the 79 μm double dipole antenna, is seen in figure 3 . The scan length of 6 mm corresponds to a frequency resolution of 25 GHz. It takes approximately 8 min to acquire the data.
The measured interferogram is Fourier-transformed to get the spectral response. Normalized spectra from all four antennas are presented in figure 4 . The irregular structure in each spectrum is highly reproducible from scan to scan and thus does not appear to be dominated by noise. The main response peak in each double dipole spectrum was fit with a simple Gaussian to extract a center frequency. This frequency was compared to the calculated half-wave resonance of a dipole of the same physical length in an effective dielectric equal to the mean of the dielectric of silicon (ε = 11.9) and air [14] . These results are compared in table 1. The peak response scales inversely with the antenna linear dimension, as expected. We note that the quantitative agreement with the fitted center frequency may be fortuitous.
The log spiral antenna has a roll-on at ≈0.3 THz, consistent with the guideline that the largest wavelength will correspond approximately to the arm length [15] , where the wavelength is assumed to be in an effective dielectric that is the mean of the dielectric constants of silicon and air, as before. If a 5 μm microbridge can be assumed to look point-like for wavelengths larger than 8 times its length, the upper bound of the antenna response should be ≈3 THz. At these frequencies, the inductance of the bridge must also be considered. The microbridge inductance of the optically patterned devices is approximately 5 pH, which contributes to the device impedance about j30 /THz. The decrease of power coupling efficiency at 3 THz is approximately 25%.
The attenuation in the measured log spiral response above 1 THz is much greater than the predicted loss due to the device inductance. This may be caused by distortion of the antenna geometry due to the thin film shadowing effect from our angled deposition process. This is seen as the gray band to the right of the Al patterns in figure 1 . The minimum shadow size is equal to the width of the microbridge, in this case 2 μm. This shadowing becomes more significant as the spiral width decreases, causing increasing distortion at higher frequencies. This effect can be minimized in future devices by decreasing the width of the microbridge, which allows the use of a thinner resist. To keep the same device resistance, we must maintain the same aspect ratio for a given film thickness, which requires also decreasing the microbridge length. This has the additional benefit of decreasing the inductance.
Conclusion
We have demonstrated an antenna-coupled niobium bolometer integrated into a custom FIR spectrometer. This system can be used to study a variety of time-dependent phenomena. Previous work has used TRTS to study time-dependent photoconductivity on picosecond-nanosecond timescales in bulk semiconductors and in ensembles of semiconductor nanoparticles [17] [18] [19] . Our system enables the extension of these measurements to longer timescales. Other potential applications include investigations of phonon relaxation [20] and the transient dynamics of protein folding [21] . These applications can all utilize the fast response and high sensitivity of the antenna-coupled niobium bolometer.
Erratum
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In the first paragraph of section 4 (p. S400), the sentence
The antenna radiates power preferentially into the high dielectric silicon in proportion to the square root of the dielectric constant [14] , so approximately 80% of the power should be coupled via the hyperhemispherical lens.
should be corrected to read
The antenna radiates power preferentially into the high dielectric silicon approximately in proportion to the dielectric constant to the power 3/2 [14] .
